Coward, "Development of a laseractivated mesoporous silica nanocarrier delivery system for applications in molecular and genetic research," J. Biomed. Opt. 21 (11) Abstract. Nanoparticles have revolutionized medical research over the last decade. One notable emerging area of nanomedicine is research developments in the reproductive sciences. Since increasing evidence indicates links between abnormal gene expression and previously unexplained states of infertility, there is a strong impetus to develop tools, such as nanoparticle platforms, to elucidate the pathophysiological mechanisms underlying such states. Mesoporous silica nanoparticles (MSNPs) represent a powerful and safe delivery tool for molecular and genetic investigations. Nevertheless, ongoing progress is restricted by low efficiency and unpredictable control of cargo delivery. Here, we describe for the first time, the development of a laser-activated MSNP system with heat-responsive cargo. Data derived from human embryonic kidney cells (HEK293T) indicate that when driven by a heat-shock promoter, MSNP cargo exhibits a significantly increased expression following infrared laser stimulus to stimulate a heat-shock response, without adverse cytotoxic effects. This delivery platform, with increased efficiency and the ability to impart spatial and temporal control, is highly useful for molecular and genetic investigations. We envision that this straightforward stimuli-responsive system could play a significant role in developing efficient nanodevices for research applications, for example in reproductive medicine. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Nanoparticles represent an efficient and inexpensive delivery platform for molecular research and medicine, which can directly target physiological pathways in a noninvasive manner to mark, augment, or suppress endogenous functional activity. In particular, mesoporous silica nanoparticles (MSNPs) are universally recognized as a powerful biomedical nanomaterial distinguished for low cytotoxicity across a variety of cell types. 1 MSNPs are synthetically modified colloidal silica with highly ordered meso-sized pores (2 to 50 nm) 2 and exhibit a suite of favorable characteristics for use as a targeted delivery vector for reproductive biology. These characteristics include high surface-area-to-volume ratio, high loading capacity, both mechanical and thermal stability, and resistance to fluctuations in pH. 3 Their small size, similar to that of biomolecules, allows for simple integration into physiological cellular processes, such as internalization via endocytosis or selective targeting of endogenous functional pathways. 4, 5 Notably, by manipulating numerous physical and chemical properties such as size, surface charge, polarity, and functional group/ligand attachments, they can be tailored to facilitate cargo loading and target tissue specificity. 6, 7 While nanotechnology has revolutionized medical treatments over the last decade, investigations into genetic interference by exogenous DNA or RNA are often hampered by low delivery efficiency and a lack of temporal control during later stages of embryogenesis. A pressing goal of current MSNP research is to increase cargo delivery efficiency. [8] [9] [10] Promising progress is being made to develop stimuli-responsive processes for the on-demand release of cargo with spatial, temporal, and dosage control. 2, 11, 12 The newest generations of nanoparticles possess sophisticated coatings, such as gate-keeping mechanisms, that are responsive to certain microenvironments, thus permitting the release of cargo only in the presence of specific exogenous stimuli to restrict the off-target release of cargo. [13] [14] [15] [16] Research into the thermo-enhanced release of cargo from mesoporous materials still remains in its infancy, and the limited literature available has relied on complex nonsilica mechanisms to impart heat-responsive properties to the nanocarrier. 8, 12, 15, 17, 18 The development of a thermo-responsive nanocarrier system that utilizes molecular cargo, which can be thermo-enhanced, has not yet been explored. The efficient delivery of heat-responsive molecular cargo would greatly simplify the application of a nontoxic thermo-enhanced MSNP system.
Heat-shock protein (HSP) promoters are increasingly being investigated as a tool for regulating gene expression and thus represent an ideal candidate for imparting thermo-control to MSNP cargo. HSPs are an evolutionally well-conserved protein family whose synthesis is induced in response to different environmental signals, such as ultraviolet light, infrared (IR) light, and chemical exposure. 19 The inducible nature of HSP promoters allows for temporal control over target gene expression, thus representing a major advantage for in vivo developmental studies. Indeed, previous studies have demonstrated the success of laser irradiation to spatially and temporally induce HSP-mediated expression in transgenic organisms with tissue-specific promoters. 20, 21 However, laser-activated HSP-induction paired with nanoparticle delivery has yet to be explored.
IR lasers are routinely used in assisted reproductive technology (ART) clinics to manipulate sperm, eggs, and embryos for diagnostic and therapeutic purposes. The development of these ART lasers as a specialized research tool is a logical advancement to help elucidate causes of infertility and unknown molecular mechanisms in developmental and reproductive biology. The development of HSP-induced molecular cargo for MSNPs that can be IR laser-activated represents a promising approach with which to increase delivery efficiency while allowing researchers to control temporal and spatial aspects of nanoparticle cargo delivery and activation.
Our study demonstrates the development of an MSNP system whose genetic cargo is under the control of a heat-shock promoter and is activated by IR laser treatment. The laser-activation of specialized nanoparticle cargo using HSP promoters exhibited increased cargo expression from nanocarriers, creating a highly useful tool with which to investigate gene function in developing organisms. Further refinement of this system could provide precise spatial and temporal regulation of cargo delivery in addition to its improved cargo expression efficiency. An effective and finely controlled nanocarrier system with increased efficiency, which can be controlled in both a spatial and temporal manner, could have exciting implications for reproductive science. For example, this refined system could help elucidate causes of unexplained infertility, which are increasingly being associated with abnormal gene expression/genetic polymorphisms but proving difficult to study due to inefficient methods of precisely manipulating gene expression.
Materials and Methods
This study aimed to generate a mesoporous silica nanocarrier system that is able to deliver molecular cargo that could be activated in target cells by IR laser irradiation. A general schematic depicting the overall experimental design is shown in Fig. 1 .
Synthesis of Mesoporous Silica Nanoparticles
Spherical MSNPs with hexagonal pore symmetry (∼130 nm) were synthesized by a surfactant-templated base-catalyzed sol-gel reaction. For a detailed description of MSNP synthesis, characterization, and functionalization, refer to Barkalina et al. 22 All synthesized MSNPs used in these experiments were functionalized with polyethileneimine (PEI, MW 1.3 kD, SigmaAldrich, UK) to impart a positive charge to the surface. For confocal microscopy, MSNPs were functionalized with both PEI and fluorescein isothiocyanate (FITC) to allow fluorescent tracking.
Creating the Heat-Shock Promoter-Induced Molecular Cargo
The thermo-controlled nanoparticle cargo plasmid was created by fusing a heat-shock promoter to the green fluorescent protein (GFP) reporter gene. The 471-bp human HSP70-1 promoter was amplified from the pDRIVE01-hHSP70 plasmid (InvivoGen, San Diego, California) via polymerase chain reaction (PCR) using the High Fidelity PCR master kit (Roche, Germany) and primers designed in-house (forward: 5′-TATACCGGTATGGTGAGCAAGGGCGAG-3′ and reverse: 5′-TATGGTACCCTTGTACAGCTCGTCCAT-3′), with a Gstorm Thermal Cycler (Model GS4, GSI, UK). The amplified HSP70-1 promoter was cloned into a linear pcDNA3.1/CT-GFP-TOPO plasmid using a GFP fusion TOPO TA expression kit (Life Technologies, UK) according to the manufacturer's protocol. Extraction and purification of plasmid DNA were performed using the QIAprep Spin Miniprep Kit (Qiagen, UK), and DNA yield was increased using the Qiagen Plasmid Maxi Kit (Qiagen, UK). Restriction analysis confirmed appropriate insertion of the target DNA into the plasmid. Cloned plasmids were sequenced by Source BioScience (Oxford, UK), and the resultant sequences compared to the HSP70 sequence (pDRIVE01-hHSP70 sequence; Invivogen, UK) and GFP sequence (pcDNA3.1/CT-GFP-TOPO sequence; Life Technologies, UK) using ClustalW Multiple Sequence Alignment (BioEdit Sequence Alignment Editor Software version 7.2.5).
HEK293T Cell Culture and Maintenance
Human embryonic kidney (HEK293T) cells were obtained from the American Type Culture Collection (ATCC ® CRL-3216) and maintained at 37°C with 5% CO 2 in a humidified chamber in Dulbecco's Modified Eagle Medium (Sigma-Aldrich, UK) supplemented with 10% fetal bovine serum, 1% v/v 5000 U penicillin, 5 mg∕ml streptomycin, and 2 mM L-glutamine and sodium pyruvate. For all experiments, cells were seeded at 30% confluency on detachable 8-well tissue culture chambers on a polyolefin slide (Sarstedt, Germany).
Verification of Heat-Shock Protein: Green Fluorescent Protein Expression
The cloned HSP:GFP plasmid cargo expression was verified by transfecting 1 μg of HSP:GFP plasmid, or 1 μl pcDNA3.1/ CT-GFP-TOPO plasmid (without the HSP promoter), into HEK293T cells for 24 h using jetPEI DNA transfection agent (Polyplus Transfection, France) according to the manufacturer's instruction. To assess cytotoxicity via damage to the plasma membrane, cells were then stained with 10 μM propidium iodide (PI; Life Technologies Invitrogen, UK), fixed with 4% paraformaldehyde (Sigma-Aldrich, UK), and mounted using 4′-6-diamidino-2-phenylinode (DAPI)-containing medium (Vectashield H-1200; DAPI concentration: 1.5 μg∕ml; Vector Laboratories, UK). HSP:GFP expression and cytotoxicity were analyzed using fluorescence microscopy and data derived from three independent replications of 500 cells.
Loading Plasmid Cargo onto Mesoporous Silica Nanoparticles
Loading of HSP:GFP plasmid onto PEI-coated MSNPs was achieved via electrostatic interaction between the negatively charged nucleic acid and the positively charged cationic surface of PEI-coated MSNPs, as previously described by Barkalina et al. 22 Briefly, PEI-coated MSNPs were washed by centrifugation and redispersed in nuclease-free water (Ambion, UK). The cloned HSP:GFP plasmid was added to the resulting MSNP at a ratio of 10∶1 μg MSNP∶μg DNA by mass, and the mixture was incubated for 24 h at 4°C with gentle rotation. MSNPs were recovered through centrifugation and redispersed in 1.0 ml of nuclease-free water. Loading was confirmed by the calculation of free DNA concentration in solution before and after the reaction, based on the measurement of absorbance at 260 nm by spectrophotometry (BiophotometerPlus, Eppendorf, UK).
Mesoporous Silica Nanoparticle Internalization and Cytotoxicity in HEK293T Cells
To investigate the internalization of MSNPs into HEK cells, fluorescent FITC and PEI-coated MSNPs (FITC-MSNPs) were incubated with HEK293T cells for 24 h and visualized using confocal microscopy. The signal intensity variance in cells incubated with different FITC-MSNP concentrations (4.0-to 12.0-μg MSNPs∕10 6 cells) was assessed using fluorescence microscopy and ImageJ 1.49v software (National Institute of Health). Next, the cytotoxicity of HSP:GFP-loaded PEI-coated MSNP internalization upon HEK293T cells was determined by incubating cells at 37°C with increasing concentrations (4.0-to 12.0-μg MSNPs∕10 6 cells), for 24 to 72 h. The MSNP concentration range was derived from previous cytotoxicity studies in our group and publications using similar concentrations in human mammalian cells, which have shown insignificant toxicity. 6, 23 Cells were stained with PI, then fixed and mounted with DAPI for fluorescence imaging, as described earlier, to assess cytotoxicity. Data were derived from three independent replications of 500 cells at each concentration of MSNPs at each time point.
Laser Cytotoxicity on HEK293T Cells
The next stage was to evaluate the potential cytotoxic effects of IR laser treatment upon HEK293T cells, using a Saturn 5 Active laser (1480 nm, 400 mW, Research Instruments, UK), which ordinarily uses a single continuous pulse to deliver a fixed amount of energy. Laser treatment was controlled using RIviewer software (Research Instruments, UK), and within each laser treatment group, all cells assessed were individually laser treated. The laser pulse was delivered to the average center of the cell, which was determined by locating the cross sections of middle of the longest cell length in both the X-and Y-axes. HEK293T cells treated with single laser pulses of 10, 20, and 30 mJ were assessed for cell lysis and morphological changes. A pulse of 30 mJ was found to lyze the cells and therefore not used in subsequent investigations. Pulses of 10 and 20 mJ were assessed for cytotoxicity using PI.
Nonlaser-treated cells were used as a control. A pulse of 20 mJ was selected for further investigation since the heat exclusion zone generated did not lyze the cells and because this energy has been used for other laser-based transfection methods in mammalian cells. 24 Cells were monitored for 24, 48, and 56 h, stained with PI and DAPI, and fixed and mounted for fluorescence imaging, as described earlier. Data were derived from three independent replications of 100 cells per treatment group. Since neither 10 nor 20 mJ exhibited cytotoxicity, 20 mJ was used in subsequent experiments.
Laser Activation of Heat-Shock Protein: Green Fluorescent Protein-Loaded Mesoporous Silica Nanoparticles
Finally, after having optimized the MSNP plasmid loading conditions and confirming that both experimental MSNP concentrations and laser treatments were not cytotoxic to HEK293T cells, the effect of IR laser irradiation upon the induction of transgene expression was assessed. HEK293T cells containing PEI-coated MSNPs loaded with the HSP:GFP plasmid were laser treated with 20 mJ to assess plasmid expression. Prior to laser treatment, cells were incubated with plasmid-loaded MSNPs for 24 h to allow MSNP entry and dispersion. Cells were then treated with 20-mJ IR laser irradiation, as described earlier, and cultured for a further 32 h. An additional group of cells incubated with HSP:GFP-loaded MSNPs were not laser treated to act as controls. Cells were stained with PI and DAPI, then fixed and mounted for fluorescence imaging, as described earlier, to analyze HSP:GFP expression. Data were derived from three independent replications of 100 cells per treatment group. 
Fluorescence Microscopy
Fluorescence microscopy was performed using filters for the following wavelengths: 330 to 380 nm (blue for DAPI-nucleus), 465 to 495 (green for FITC-MSNP and GFP), and 540 to 580 (red for PI-plasma membrane) using a Nikon Eclipse 80i microscope with a Nikon DS-Ri1 camera and NIS Elements v3.00 software (Nikon, UK), or using a Leica DMIRE2 microscope and camera with HCImage HCI-3268u software (Hamamatsu, Bridgewater, New Jersey). Confocal fluorescent microscopy was performed under oil immersion at a magnification of 100× using a Becker and Hickl FLIM system mounted on an inverted IX81 Olympus FV1000 FluoView confocal microscope at the following wavelengths: 405 nm (blue for DAPI-nucleus), 488 nm (green for FITC-MSNP and GFP), and 559 nm (red for PI-plasma membrane).
Statistical Analysis
Data were managed using SPSS 
Results

Creation of Thermo-Controlled Nanoparticle Cargo
A thermo-controlled plasmid was successfully created to act as a nanoparticle cargo by fusing the human HSP70 promoter to the GFP reporter gene (HSP:GFP) (Fig. 1 ). Successful HSP:GFP cloning was confirmed via restriction digestion analysis, and Sanger sequencing showed 100% alignment between the cloned HSP:GFP (both forward and reverse sequences) and the sequences provided by the respective commercial suppliers. Next, the functionality of the engineered plasmid was determined by transfection into HEK293T cells at 37°C. HEK293T cells were transfected with the engineered HSP:GFP plasmid, the linear GFP plasmid without the HSP promoter, and without any exogenous DNA treatment for controls. After 24 h of transfection, GFP expression was only observed in cells that had been transfected with the HSP:GFP plasmid (P < 0.05) compared to both linear GFP plasmid and control transfections (Fig. 2) . 
Discussion
In this paper, we have developed an IR laser-activated mesoporous silica nanodelivery platform and carried out feasibility studies in mammalian cells. However, our ultimate goal is to apply this platform to reproductive biomedicine for targeted gene transfer that could assist in the elucidation of mechanisms underlying unexplained infertility and ultimately provide options for diagnosis and therapy. Recent advances in the use of nanocarriers for gene transfer into reproductive tissues, gametes, and embryos are rapidly creating a powerful tool with which to manipulate and study pathophysiological mechanisms in the reproductive sciences. [25] [26] [27] For example, our group has recently demonstrated the ability of MSNPs to bind with mammalian sperm without negative effects upon key semen parameters. 22 In addition, customization of the aforementioned nanoparticles with a cell-penetrating peptide coating has been shown to increase the rates of association with sperm. 28 Such developments in the utilization of nanodevices in reproductive medicine are emerging as powerful research tools as well as platforms for potential simultaneous diagnostic and therapeutic ("theranostic") applications. However, to permit more sophisticated (11) research, these delivery systems now require further refinement. Current MSNP systems need to be more efficient in their association/internalization rates, and the ability to control cargo expression/release in a spatial and/or temporal manner would be particularly useful given the highly orchestrated series of events that occur when an egg is fertilized or when an embryo begins to develop. The risk of systemic and/or local toxicity of engineered nanomaterials is a concern in many cells and tissues, but particularly for gametes in reproductive medicine, where the essential function of these highly specialized cells and sensitive biological systems involved is to safely transmit genetic information to offspring. Since MSNPs are distinguished for their low toxicity even in gametes, they represent a strong candidate for prospective clinical and research applications. 3, 6, 22 Nonetheless, an ongoing challenge for MSNP delivery lies in the efficiency of cargo release. A prominent limitation of current stimulienhanced MSNP systems is that they require complicated synthesis or assembly and nonsilica components that do not possess the same levels of biocompatibility. Recent advancements in the temperature-controlled release of molecules from mesoporous materials have been achieved using thermosensitive polymer derivatives. Paraffin, 29 lipid bilayers, 30 complex acrylamide polymers, 15 and acrylic acid copolymers 31 have been investigated as caps to mesoporous silica shells, which are specifically designed to melt at certain temperatures. Moreover, double stranded DNA sequences, 32 reversible single stranded DNA, 33 and coiled peptide motifs 34 have all been used as valves for MSNPs, which denature at an increased temperature to release encapsulated cargo. Alternating magnetic fields have also been investigated to increase local temperature, leading to pulsatile drug release from nonsilica capped MSNPs. 33, 35 However, these methods all require complex synthesis to load the drug effectively and functionalize valves onto the pores.
The development of a stimuli-responsive nanoparticle system with increased efficiency, which permits the spatial and temporal control of gene expression, would allow for more sensitive and in-depth analysis. MSNPs, a well-established nanocarrier with favorable biocompatibility and loading capacity profiles, were selected as the nanocarriers for development in this study. Clinical-assisted reproduction IR laser systems, such as the one used in this study, have been developed over decades of research and refinement to minimize risk to delicate reproductive tissues, rendering them an ideal candidate for research on (11) biological tissue. These laser systems are routinely used on clinical reproductive cells and have been investigated as a research tool for many reproductive models, such as mice and zebrafish embryos. To incorporate a stimuli-responsive aspect into the delivery system, we first developed a thermocontrollable molecular construct with a heat-responsive characteristic via the incorporation of an HSP promoter. Second, we illustrated that this construct could be successfully loaded and delivered as MSNP cargo. Finally, we demonstrated that IR laser treatment could induce a heat-shock response in HEK293T cells containing loaded MSNPs, thereby increasing the expression efficiency of the delivered cargo. The MSNPs used in these investigations were PEI-coated, a simple functionalization known to be effective for electrostatically loading DNA as nanoparticle cargo, preventing nanoparticle agglomeration, and improving interaction with cells. 6, 36 Data showed that the heat-responsive plasmid was successfully linked via electrostatic association to PEI-coated MSNPs after 24 h of incubation, thus representing a highly suitable cargo for nanoparticle delivery. These results support previous studies reporting the effectiveness of coating MSNPs with PEI to bind nucleic acids. 5, 36, 37 Our current investigations further demonstrated successful internalization of loaded MSNPs by HEK293T cells, demonstrating cargo expression without additional intervention. This also concurs with a series of earlier studies, 2, 13, 38 which independently reported the association of MSNPs to HEK293T cells.
Evidence in the literature has shown the effectiveness of heatshock promoters, particularly HSP70, at inducing gene expression in response to external stressors in a variety of different models. 20, [39] [40] [41] To the best of our knowledge, there are presently no reports describing the use of molecular cargo driven by an HSP response to improve cargo expression by MSNP delivery in a thermodynamic manner. The use of DNA cargo itself as the responsive element is highly beneficial due to its naturally high cellular uptake and biocompatibility compared to the other responsive elements commonly associated with nanoparticles, such as gold spheres or chemical valves. 33, 42 Previous reports have illustrated spatially controlled laser-activated HSP promoter-induced genes in transgenic models. [43] [44] [45] However, to the extent of our knowledge, the use of an HSP construct as cargo for MSNPs that can be thermally triggered by IR laser irradiation to increase expression has not yet been reported. We thus investigated, for the first time, the use of IR laser irradiation of cells containing HSP cargo-loaded MSNPs as a method of inducing a cellular heat-shock response to specifically increase expression of the cargo. We hypothesized that an external laser stimulus would promote a cellular heat-shock response causing increased transcription of genes driven by a heat-shock promoter and thus the expression of our cargo. GFP expression from HEK293T cells incubated with HSP:GFP-loaded MSNPs was twofold higher (P < 0.05) with the application of laser stimulus, compared to no laser treatment, indicating that the plasmid cargo being carried by the MSNPs were successfully IR laser activated, which has never before been shown. An explanation for this increased cargo expression is that the IR laser stimulus is successfully inducing a cellular heat-shock response. Heat-inducible transcription of HSP70 is mediated by heat-shock transcription factors (HSFs), which are synthesized constitutively but remain mostly dormant under nonstressed conditions. In response to heatshock, HSFs trimerize and bind with high affinity to heatshock promoter elements found upstream of stress protein genes, resulting in the transcription of HSPs. 46 The increased level of gene expression observed in our experiment is, therefore, likely due to more HSFs being activated by the laser stimulus. This represents a highly promising technique for increasing the gene expression of other molecular constructs in a thermo and spatially controlled manner for molecular investigations and gene therapy. In the future, laser irradiation could be applied to manipulate gene function in vivo, where increased expression efficiency and spatial control are required. In addition to increased expression, finely tuned spatial control imparted by laser stimulus could help solve persistent problems of gene expression in nontarget cells, which often occurs in existing techniques such as mosaic analysis. 20 To date, only a limited number of studies have reported the use of IR or near-IR (NIR) laser treatment with mesoporous silica; however, they require the use of gold cores and the associated plasmonic resonance in response to the laser photons. For example, Volodkin et al. 47 demonstrated that gold cores inside MSNP pores could be heated with NIR light to transfer heat to liposome bilayer cargo to release encapsulated dye molecules, while Mura et al. 48 reported that an increase in temperature of NIR-treated gold nanoparticle cores caused a phase transition in polymers capping mesoporous silica shells, allowing leakage of a preloaded drug. Chen et al. 49 further illustrated that mesoporous silica shells encapsulating gold nanorod cores provided mechanical support against thermal deformation following laser irradiation, compared to uncoated nanorods. While these reports used NIR treatment with mesoporous silica components, it was the gold particles that were responsible for thermoresponsiveness through plasmon resonance and two-photonactivated therapy of photosensitizers. Such investigations are useful for strategies to eradicate or harm tissues, e.g., in cancer applications, 50 but are not suitable for applications in highly specialized reproductive cells and tissues, which need to safely transmit genetic information to future generations. 51 It is known that the toxicity of gold nanomaterials varies widely and in a dose-dependent manner. 52 Additionally, gold nanostructures are known to irreversibly deform under even very lowenergy stimulus, resulting in a spectral shift of peak surface plasmon resonance absorption, thereby reducing the efficiency of any photon or laser-induced methods, and have also been shown to be cytotoxic in mammalian cells following laserinduced modifications. 49, 53 In contrast, our present study investigated the use of MSNPs alone with IR laser treatment to increase the expression of MSNP cargo naturally via normal cellular machinery, illustrating that a heat-stimulus response can be achieved without the use of two-photon-activation using gold cores, which is highly desirable for investigations in the reproductive sciences.
While a study by Andersson et al. 54 explored the potential use of a laser-induced heat-shock response to activate HSP: GFP plasmid expression, these authors did not use a nanoparticle platform to deliver these constructs. Instead, they used transfection to deliver the construct into HeLa cells and then injected the cells along with gold nanorods subcutaneously into the hind legs of mice. NIR laser treatment was then applied to heat the area containing the gold nanorods to create increased localized heating and induce a heat-shock response for plasmid expression. This earlier study presented key limitations, e.g., the positive control failed to express in response to laser treatment, and the authors did not provide critical information in support of their claims in terms of sample size, variance, and statistical analysis. 54 Conversely, the results from our present investigation demonstrate that the use of gold nanorods to impart localized heating does not represent a necessary requirement when using laser stimuli.
Following the encouraging results from the present study in HEK293T cells, which show a significant twofold increase in expression following laser stimulus, it is now very important to carry out more detailed studies to further improve this expression efficiency. While the present system was developed and tested in a mammalian cell line and has potential for use in a variety of disciplines, our goal is to continue developing this system for use in the reproductive sciences. In addition, investigations need to be explored in vivo to refine the use of laseractivated MSNP cargo in a model more suitable for studying reproductive development, such as the zebrafish or mouse embryo. Such studies are imperative since there are still challenges that need to be investigated comprehensively before practical applications in vivo or clinically. For example, most MSNP-based gene-delivery systems carry DNA or RNA on their outer surface, and studies have shown that this results in the exposure of cargo to enzyme-mediated degradation in vivo. 55 Additionally, while MSNPs are known to biodegrade and excrete through the urinary system, the biological effect of undegraded MSNP products over a long period is still unknown. However, bioassays to determine such biodegradation properties are difficult due to the complexity of in situ detection of the degradation process in vivo, and the presence of natural silica species makes it difficult to distinguish the degraded products. 51, 55 Biosafety assays should extend from general toxicities against major organs and tissues to specific and specialized facets, such as neuro or reproductive toxicity. The impact of mesoporous silica species on mammalian embryos or embryonic development is unknown and is something our group is currently working to establish. This would eventually pave the way for translating this specialized nanocarrier system to human gametes and embryos.
Conclusion
The use of nanomaterials for investigative applications in reproductive biology has strong potential for expansion in the coming years. In the present study, a functional HSP promoter was fused to a GFP construct and successfully associated with nontoxic MSNPs, which were subsequently delivered into HEK293T cells. Furthermore, expression of the molecular cargo was increased in response to cellular heat-shock induced by IR laser irradiation. Our data therefore describe a method for increasing nanoparticle cargo expression in a spatial manner due to the heat-responsiveness of the cargo itself. These original investigations provide a useful foundation for future research into laser thermo-controlled MSNP nanocarriers with increased efficiency and control. This system could allow the delivery of cargo to inhibit, biomark, target, augment, or suppress pathways involved in the development of early embryos to study gene expression and development.
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